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The complete neglect of differential overlap (CNDO) approximate wavefunctions for Cl2CO have 
been applied to the calculation of the derivatives of the dipole moment with respect to the symmetry co-
ordinates. Although it was not possible to choose unique sets of derivatives in the Ai and Bi species, the 
acceptable experimental derivatives are very close in magnitude permitting a comparison and interpreta-
tion of these derivatives with those found previously for F2CO. Differences in the derivatives of F,CO and 
CltCO are used to predict the preferred experimental derivatives for Br2CO. The effect of d orbitals in 
the calculation of the CltCO derivatives is examined. The experimental results for the out-of-plane CCI 
and CBr bends indicate that these derivatives are positive and opposite in sign to the in-plane derivatives, 
although the CltCO out-of-plane bending derivative is very close to zero. 
INTRODUCTION 
The CNDO approximate molecular orbital theoryl 
has been quite useful in resolving the well-known sign 
ambiguity2,3,4 in dipole moment derivatives which 
results from the reduction of experimental infrared 
gas phase intensities. Of special interest to this com-
munication is the satisfying application of this theory 
to the interpretation of the intensities of F2CO 0,6 
and H2C07 in terms of charge distributions and polariza-
tion effects. The successful application of this technique 
to CbCO demands that the d orbitals, which are 
required to describe more completely the electron 
distribution of the chlorine atoms, are successfully 
incorporated into the theory or that they are relatively 
unimportant in determining the signs and, to a lesser 
extent, the magnitudes of the dipole moment derivatives 
of CI2CO. As reported previouslyS,9 the inclusion of d 
orbitals into the CNDO framework is not straight-
forward, and the interpretation of CNDO results for 
molecular properties which are very sensitive to d 
orbital participation requires extreme care. 
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Santry and Segal8 have calculated large differences 
in dipole moments obtained from wavefunctions 
employing atomic orbital basis sets which include 
3d orbitals and those containing only 3s and 3p orbitals. 
Levinlo has shown that the pd polarization terms in 
the dipole moment equation result in quite large 
contributions to the dipole moment derivatives of 
PFa and SF4• In this report, calculations using a basis 
set of atomic orbitals including the d orbitals (spd 
basis) and one containing just the sand p orbitals 
(sp basis) are compared to estimate the importance 
of d orbitals in describing the dipole moment derivatives 
of CI2CO. 
The dipole moment derivatives of CbCO, to a 
first approximation, are expected to be somewhat 
similar to those of F2CO allowing for differences such 
as in the electronegativities of the halogens and in 
the importance of d orbital participation in the chemical 
bonding of CI2CO. Although the CNDO theory has 
not been extended through bromine a comparison of 
the preferred experimental dipole moment derivatives 
for F2CO and CbCO allows an extrapolation to the 
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FIG. 1. The definitions of the symmetry coordinates S., S5, and S& and their relationship to the Cartesian coordinate system. The 
direction of the rotation (and magnitudes of the rotational corrections, 'lIol) required to correct ap/aSj to the state of zero angular 
momentum is indicated by the curved arrows. 
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TABLE I. Comparison of the ap/as; values calculated for CbCO 
with the experimental values." 
A I Symmetry Species 
ap./asl ap./as2 ap./ass 
Exptl (D/ A) (D/ A) (D/rad) 
+++b 7.43±0.13 2. 16±0. 12 -0.13±0.05 
++- 7.53 1.89 -0.47 
-+- -4.70 +2.40 -0.69 
-++ -4.80 +2.68 -0.35 
CNDO (spd) -7.03 +1.51 -1.26 
CNDO (sp) -6.71 +1.86 -2.05 
BI Symmetry Species 
apz/as. apz/aS6 
(D/A) (D/rad) 
++ -4.95±0.15 2.91±0.05 
5.19 -1.49 
+- -5.41 2.54 
-+ 5.65 -1.17 
CNDO (spd) 2.61 -2.52 
CNDO (sp) 3.18 -3.08 
B2 Symmetry Species 
apv/aS6 
(D/rad) 
+ +1.17±0.10 
+0.03 
CNDO (spd) -1.57 
CNDO (sp) -2.05 
"The experimental values are taken from Tables VIII and IX 
of Ref. 11 for the Al and BI symmetry species. For the B2 sym-
metry species, the symmetry coordinate here equals the out-
of-plane bending coordinate of the CCb group. A rotational 
correction of -0.60 D/rad was subtracted from ap/aS6=~-1 
ap/aQ6. 
b The signs are the signs of the ap/aQ;'s. In the Al class, 
for example, the (++-) set has ap/aQI and ap/aQ2 greater 
than zero, while ap/aQs has a negative sign. For that class, 
there are four other solutions which are obtained from those 
listed here by changing every sign in the row. 
preferred experimental derivatives for Br2CO. The 
comparison of the correct experimental dipole moment 
derivatives for the X2CO series (X=F, Cl, and Br) 
allows deductions concerning the nature of the charge 
distortions occurring for the various vibrations as a 
function of the different bonding properties of the 
substituent atoms. 
THE CALCULATION 
The experimental dipole moment derivatives with 
respect to symmetry coordinates, the ap/Osj, for 
Cl2CO and Br2CO as determined from the intensity 
and normal coordinate data of Hopper, Russell, and 
Overend,Il have been reproduced in Tables I and II. 
The CNDO calculated results listed in Table I are 
values derived using the definitions of the symmetry 
coordinates, their relationships to the Cartesian 
coordinate system, and the rotational corrections 
shown in Fig. 1. 
The signs of the rotational corrections are identical 
to those used in Ref. 6, except for the correction to 
apy/ ass. The correction used here corresponds to 
displacing the carbon-halogen bonds out of the molec-
ular plane rather than bending the CO bond. This 
has been done to facilitate direct comparisons between 
the in-plane and out-of-plane carbon-halogen bending 
derivatives. The spd set listed in Table I resulted 
from a calculation involving the 3s, 3p, and 3d orbitals 
of chlorine utilizing the parametrization suggested 
by Santry.9 The sp set of calculations refer to those 
with an identical set of parameters for the 3s and 3p 
orbitals but in the absence of the 3d orbitals. Calcula-
tions of the total dipole moment and of the dipole 
moment derivatives were made as described pre-
viously,2,4,S using an IBM 360-44 computer with the 
CNINDO program from QCPE.12 
The geometries of Cl2CO and Br2CO used in these 
calculations are equivalent to the ones chosen by 
Hopper et alY An equilibrium dipole moment of 
TABLE II. The experimental" ap/as; values of Br2CO. 
Exptl 
___ b 
--+ 
-+-
+--
Exptl 
++ 
+-
-+ 
Exptl 
+ 
A I Symmetry Species 
ap./asl ap./aS2 
(D/ A) (D/ A) 
-5.19±0.14 +0.72±0.27 
-5.30 +1.66 
-6.83 -1.65 
6.94 0.71 
BI Symmetry Species 
0.53±0.17 -4.86±0.08 
-0.96 3.04 
1.93 
-2.36 
-4.10 
2.29 
B2 Symmetry Species 
apv/aSe 
(D/rad) 
+0.95±0.01 
+0.20 
ap./ass 
(D/rad) 
-1.07±0.23 
-0.09 
-0.13 
-0.85 
"See Footnote a, Table I. The rotational correction applied 
to ap/ase here is -0.59. 
b See Footnote b, Table I. 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to
IP:  143.106.108.135 On: Wed, 27 May 2015 13:19:30
V I BRA T ION A LIN TEN SIT I E S 0 F F 2 CO, C 12 CO, AND B r 2 C 0 1851 
-0.41 D (0 is the negative end of the dipole) is 
predicted using the spd basis set; this is in poor agree-
ment with the experimental value of 1.18 D and 
smaller in magnitude than the moment calculated 
for F2CO (-0.77 D). 
The equations relating the dipole moment derivatives 
with respect to symmetry coordinates to those with 
respect to internal coordinates, the ap/ari, are given 
in Table III. As the molecular angles for Br2CO are 
assumed to be equivalent to those of CI2CO, these 
equations apply to the derivatives of both molecules. 
The sign convention employed is identical to that of 
Ref. 6, i.e., a derivative, apjari or ap/aa, reflecting 
a charge separation (or increase in charge separation 
with an increase in bond length) of direction C+-X-
(or C+-O-) has a negative sign. The derivatives 
resulting from the application of these equations to 
the values of Tables I and II are given in Tables 
[V and V. 
Al Symmetry Species 
The CNDO results for the dipole moment derivatives 
of this symmetry species agree in absolute sign with 
only the (-+-) and (-++) sets of derivatives. 
These sets are very similar in magnitude because they 
differ only in the sign of apjaQ3, which results from 
the very weak 113 fundamental. The calculated value 
of ap./asl agrees very well with the experimental 
values in the (- - -) or (- - +) sets, but either 
of these choices necessitates the assignment of a 
positive apjarcCl, opposite in sign to the result cal-
culated by the theory. Negative values of ap/arco 
and ap/arCCl for ChCO are anticipated considering 
that ap/arco, apjarcF, and apjarcH are all found to 
be negative for F2CO and H2CO. As the calculations 
do not allow us to make a preference between the 
( - + -) and the (- + +) sets, and as these sets of 
values are very similar, the (-+ - ) set is somewhat 
arbitrarily chosen to simplify the discussion below. 
However, the conclusions will apply as well to the 
(-++) set. 
TABLE III. The equations relating the ap/as; to the ap/ar;. 
Al Symmetry Species 
ap./asl =ap/aroo 
ap./aS2= -0. 7980 ap/arOOl 
ap./aSa=0.6741 ap/aCt 
BI Symmetry Species 
ap~/aS(=-1.1676 ap/arOOl 
ap~/aS6=0. 7980 ap/aCt 
B2 Symmetry Species 
ap .. /aSs=1.1285 ap/aCt 
TABLE IV. Comparison of the ap/ar; calculated for CbCO with 
the experimental values. 
Exptl 
+++a 
++-
-+-
-++ 
CNDO (spd) 
CNDO (sp) 
Exptl 
++ 
+-
-+ 
CNDO (spd) 
CNDO (sp) 
Exptl 
+ 
CNDO (spd) 
CNDO (sp) 
Al Symmetry Species 
ap/aroo ap/arOOl 
(D/ A) (D/A) 
7.43 -2.71 
7.52 -2.37 
-4.70 -3.01 
-4.80 -3.36 
-7.03 -1.89 
-6.71 -2.33 
BI Symmetry Species 
ap/arOCl 
(D/ A) 
4.24 
-4.45 
4.63 
-4.84 
-2.24 
-2.72 
B2 Symmetry Species 
a See Footnote b, Table I. 
BI Symmetry Species 
ap/aCt 
(D/rad) 
-0.19 
-0.70 
-1.02 
-0.52 
-1.87 
-3.04 
ap/aCt 
(D/rad) 
3.65 
-l.87 
3.17 
-1.47 
-3.16 
-3.86 
ap/fJy 
(D/rad) 
+1.04 
+0.03 
-1.39 
-1.82 
Again two sets of derivatives, the (- -) and the ( - + ) sets, agree reasonably well with the calculated 
results. These preferred experimental values indicate 
that both apjarccl and ap/aa are negative, agreeing 
in sign with these derivatives in the Al symmetry 
species. For F2CO, the preferred experimental deriva-
tives, ap/arCF and ap/aa, are also negative. The 
alternative sets (++) and (+ -), have positive 
values for both apjarccl and ap/aa and are unaccept-
able. The discussion below applies equally well to the 
( - - ) or (-+ ) set&, although illustrative values are 
chosen from the (- - ) set. 
B2 Symmetry Species 
Previously, it has been pointed out that the CNDO 
theory consistently predicts out-of-plane bending 
derivatives that are more negative than the preferred 
experimental values.7 The value of the out-of-plane 
derivative ap/a"" calculated for Cl2CO by the CNDO 
theory, is of large magnitude and of negative sign 
whereas both of the experimental derivatives are 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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TABLE V. The experimental ap/ar, values for Br2CO. 
Exptl 
___ 8. 
--+ 
-+-
+--
Exptl 
++ 
+-
-+ 
Exptl 
+ 
A, Symmetry Species 
apjaroo ap/arcBr 
(D/A) (D/A) 
-5.19 -0.90 
-5.30 -2.07 
-6.83 +2.07 
6.94 -0.89 
B, Symmetry Species 
ap/arcBr 
(D/ A) 
-0.45 
+0.82 
-1.65 
+2.02 
B2 Symmetry Species 
• See Footnote b, Table I. 
apjaa 
(D/rad) 
-1.58 
-0.13 
-0.19 
-1.26 
ap/aa 
(D/rad) 
-6.09 
3.80 
-5.14 
2.87 
apja'Y 
(D/rad) 
+0.84 
+0.18 
positive. The difference between the preferred experi-
mental out-of-plane derivative and that calculated 
by the CNDO theory for F2CO is 1.24 D/rad. An-
ticipating a similar difference for CbCO results in a 
selection of ap/a'Y= +0.03 in the B2 species. Also, 
it seems unlikely that apjaQ6 is positive in Cl2CO 
because it has a value of apja'Y which is more positive 
than either of the experimental derivatives for apja'Y 
in the B2 species of Br2CO. A study of the Coriolis 
perturbation which appears to exist between 1'2 and 1'6 
for Cl2CO 11 would almost certainly determine the 
correct sign of apjaQ6 as ap/aQ2 in the Al species 
appears to be positive. A difference in sign for ap/aa 
(BI species) and apja'Y has been determined by a 
study of the Coriolis perturbation between 1'6 and 
"6 of formaldehyde.13 
DISCUSSION 
The analysis of the equilibrium dipole moments of 
F2CO and Cl2CO into contributions resulting from 
diagonal elements of the dipole moment matrix (pq), 
contributions due to the net charges of the atoms, and 
those off-diagonal terms (p.P and Ppd) consistent with 
the CNDO formulation of the dipole moment, the 
sp and pd polarization terms, is presented in Table VI. 
The theory predicts equilibrium charges of - 0.242e 
on fluorine and -0.057e on chlorine, reflecting the 
higher electronegativity of fluorine and resulting in a 
larger absolute magnitude of pq for Cl2CO than for 
F2CO, in agreement with the relative values of the 
experimental equilibrium moments of these molecules. 
The negative signs of pq indicate that oxygen is the 
negative end of both dipoles. The sp polarization 
terms for these molecules are both of large magnitude 
but of opposite sign. For F2CO, this term is of the 
same sign as Pq, resulting in a calculated moment of 
-0.77 D, in good agreement with the experimental 
magnitude of 0.95 D. The sp polarization contribution 
is of opposite sign to pq for CbCO; the theory without d 
orbitals (sp basis set) predicts a sign difference for 
the equilibrium moments of F2CO and CI2CO. The 
pd polarization term partially cancels this sp polariza-
tion contribution as indicated by the negative sign 
of PCNDO upon inclusion of d orbitals in the calculation 
(spd basis set). This alternation of signs for p.P and 
Ppd is reasonable as "polarization-backpolarization" 
effects are commonly recognized in conjunction with 
dipole moments and have been calculated using the 
CNDO theory for diatomic and small polyatomic 
molecules.s As a result, the value of the total moment 
is certainly very sensitive to the relative magnitudes 
of p.P and Ppd. 
Although the pd polarization terms appear to be 
extremely important in determining the sign of the 
dipole moment, the inclusion of d orbitals in the 
calculation has an extremely small effect on the 
atomic charge densities and the sp polarizations 
calculated for the molecule, reflected by the relative 
invariance of the values of pq and p.P for the sp and 
spd basis sets. Such small changes can result in large 
differences in the dipole moment derivatives, but 
the major difference between the apjaSj values 
calculated by both basis sets arises from contributions 
of the pd polarization terms. Although these differences 
are quite large for some symmetry distortions (ap./aSa 
decreases by 0.8 D/rad in absolute magnitude upon 
the inclusion of d orbitals) both basis sets lead to 
TABLE VI. Calculated contributions to the equilibrium dipole moments (debyes) of F2CO and CbCO. 
P. 
-0.086 
-0.602 
CbCO (spa.) -0.595 
P.P 
-0.686 
+0.788 
+0.814 
peNDo P.ap 
-0.772 ±0.95 
+0.186 
±1.18 
-0.625 -0.406 
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the above selection of the preferred experimental 
values of dipole moment derivatives. 
An analysis of the calculated dipole moment de-
rivatives (spd basis set) in terms of contributions due 
to the movement of equilibrium charges, apI/ar;, 
intramolecular charge transfer, apdar;, changes in sp 
polarizations, apa/ar;, and changes in pd polarizations, 
ap4/ari is given in Table VII. The largest contribution 
to ap/ar; for each of the stretching motions of CbCO 
arises from changes in the formal charges on the atoms 
as the CO and CCI bond lengths are changed. This 
term, ap2/ari is also the predominant contribution to 
ap/ar; for the CO and CF stretching motions in 
F2CO, although apI/ari is relatively more important 
for the latter molecule. It is interesting that the 
contribution from pd polarization to ap/iJri is greater 
for the CO stretching coordinate than for the two CCI 
stretching motions, although these contributions are 
of small magnitude and do not appreciably effect 
the values of ap/ar;. 
In the bending motions pd polarization contributions 
are relatively more important than in the stretching 
motions. However, for the in-plane bending motions 
ap4/ aa is of opposite sign to each of the other three 
substantial contributions to ap/aa. For the out-of-plane 
bending motion, CNDO theory indicates a negligible 
intramolecular charge transfer (ap2/ a'Y = 0.00) identical 
to the results for out-of-plane CF and CH bends for 
F2CO and H2CO. However, both apI/iJ'Y and apa/a'Y 
are negative and determine the negative calculated 
sign of ap/ih although ap4/iJ'Y is of significarit magni-
tude and positive sign. 
The preferred experimental derivatives of F2CO and 
CbCO are compared in Table VIII. In the Al symmetry 
species ap/arco, ap/iJrcF and ap/arcCI, and ap/iJa are 
all negative. Requiring the corresponding derivatives 
in Br2CO to have the same sign results in an elimina-
tion of all the dipole moment derivative sets except 
the (- - -) and (- -+) sets in Tables II and V. 
Secondly, the experimental magnitude of ap/arco for 
Cl2CO is larger than the one for F2CO, while ap/iJrcF 
and ap/iJa are larger for F2CO. These relative orderings 
in magnitude are also calculated by the CNDO theory. 
As these same trends in derivatives may be expected 
upon substitution of bromine for the lighter atoms, 
in the absence of directly calculated values for the 
derivatives of Br2CO the (- - +) set of derivatives 
is chosen here as the preferred experimental set. 
In the BI species, the situation is less clear. Again 
iJpjiJrCF, ap/arCCI, and ap/aa are negative for F2CO 
and Cl2CO indicating that either the (+ + ) or (+ - ) 
sets of derivatives for Br2CO are preferred. However, 
no clear trends in magnitude appear to exist for this 
species. The experimental values of ap/iJrcF and 
ap/ iJrccI are essentially equal although the CNDO 
value of ap/iJrcCI is smaller by a factor of two than 
the calculated value of iJp/iJrcF. Both the calculated 
TABLE VII. Analysis of the different contributions to the 
calculated derivatives of the dipole moment with respect to 
the internal coordinates of CI2CO. 
Al Species 
1';=1'00 -0.97 
1';=1'CCI -0.27 
-0.48 
BI Species 
1'; = 1'CCI -0.27 
1,=a -0.48 
B2 Species 
1';='1 -0.48 
-5.00 
-1.67 
-0.70 
-2.87 
-1.70 
0.00 
-0.57 
-0.13 
-1. 76 
-0.49 
+0.18 
+1.07 
+0.84 0.00 
-1.59 +0.61 
-1.66 +0.73 
and experimental values of iJp/aa for the BI species 
listed in Table VIII show a very small (,-..,.,0.4 D/rad) 
increase in magnitude for CI2CO. Recalling that the l ( - + ) set of derivatives for Cl2CO is also an acceptable 
set of values, it can only be concluded from the experi-
mental derivatives that the BI derivatives are es-
sentially equal for F2CO and Cl2CO or that they vary 
only slightly. However, the (+ +) and (- +) sets of 
derivatives contain absolute magnitudes of ap / arCBr 
which are 3-4 D/ A smaller than those of ap/arCF 
and ap/iJrcCl, while the magnitudes of ap/aa are 3-4 
D/rad above those derived from F2CO and CI2CO. 
Unless the electronic changes in Br2CO for the anti-
symmetric distortions are radically different from 
those of F2CO and CbCO, none of the experimental 
alternatives in Table II and V are acceptable. Further 
investigation of the BI symmetry vibrations for these 
molecules seems necessary to clarify the situation. 
It is worth noting that the CNDO calcuiatedI4 and 
preferred experimental derivatives14,15 for F2CS and 
Cl2CS derived from BI symmetry coordinates have 
values which reflect the same behavior as those of 
F2CO and CI2CO. 
The preferred out-of-plane bending derivative ap/a'Y 
is negative for F2CO, but is close to zero and of positive 
sign for CI2CO. Although the CNDO values are 
calculated to be relatively large and negative for 
these derivatives, the trend in the experimental 
values is correctly calculated by the theory. Thus 
ap/iJa for Br2CO is expected to be positive in agree-
ment with the two experimental alternatives. As the 
differences in derivatives between CbCO and Br2CO 
are not expected to be larger than those between 
F2CO and CI2CO, indicated by the trends in the 
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TABLE VIII. A comparison of the preferred experimental (and theoretical) dipole moment derivatives of F2CO, CbCO, and Br2CO. 
ap/arco ap/arcx ap/aOi. 
Al Species 
F.CO 
CbCO 
Br.CO 
-4.13(-5.44) -4.67(-5.53) -2.79(-2.89) 
-4.70(-7.03) -3.01(-1.89) -1.02(-1.87) 
BI Species 
F.CO 
Cl.CO 
Br.CO 
B. Species 
F.CO 
CI2CO 
Br2CO 
-5.30 
experimental values of the Al symmetry species, 
ap/(}y=+O.18 D/rad is more acceptable. 
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